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SECTION I

DESIGN AND CONSTRUCTION OF MULTI-RING APPARATUS FOR USE AT HIGH PRESSURES

(W. B. CGogarty, S. S. Kistler, and E. B. Christiansen)

ABSTRACT

A derivation is presented of equations which can be used in the design

of high pressure apparatus utilizing multi-ring support. The use of these

equations is illustrated by the design calculation for a multi-ring apparatus

known as the anvil assembly. The particular assembly described uses three

rings for external support. This assembly is capable of developing average

pressures of 160,000 atm for minimum periods of two weeks. The methods and

materials used in the fabrication of the assembly are also presented.
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INTRODUCTION

Experimentation in the field of extremely high pressures is generally

performed by making use of pressure equipment which consists of a hydraulic

press and an apparatus which will concentrate a large force on a small area.

This study is concerned with the latter which, of necessity, must be designed

and constructed to utilize efficiently materials with highest available

strengths. Several examples of such devices have been described [2, 4]

Applications with different types of high strength apparatus have been

described in the literature [2, 4 ] . Design equations for apparatus utiliz-

ing multi-ring support were derived in this paper for a multi-ring apparatus

illustrated in Figure I and known as an anvil assembly. However the methods

employed in the derivation are general. The derivation of these equations

is performed for a class of multi-ring apparatus known as the anvil assembly.

Methods applied in the derivation, however, are general. The use of these

equations is illustrated with design calculations for a particular anvil

assembly. This anvil assembly, when constructed in accordance with the methods

outlined below, is capable of developing average pressures of 160,000 atm

for a. minimum period of two weeks or 100,000 atm for a period greater than

two 'months.
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NATURE OF THE ANVIL ASSEMBLY

Component parts of the anvil assembly are shown iD Figure i The central

portions of this assembly, listed as B in Figure 1, are called anvils, and an

identical conical angle a is ground on each of these anvils to give the
0

desired strength and flat working surface. The outer portions of this assem-

bly, listed as A in Figure 1, represent one or more steel rings which furnish

external support to the anvils. High average pressures are developed between

the flat surfaces of the anvils by forcing the two portions of the assembly

together with a hydraulic press. The upper limit of the average pressure

developed by the anvil assembly is determined by:

1. the magnitude of the flat working area of the anvils;

2. the value of the conical angle;

3. the amount of external support furnished the anvils;

4. the method and materials of the construction.

DESIGN EQUATIONS

Lame and Clapeyron [5] were the first to obtain equations for the design

of thick-walled cylinders. The expressions developed by these authors for

internal pressure and radial deformation are:

= t (b2 - a2 ) + 2b2 p 
(

P. = - +b (1)
I a2 +b 2

a =p.-b 2p - 1
°  + (I - a  b 2 (pi - p° )

U 3 0(j± _-r + H 1
-~'(2)

b2 - a2  I (b2 - a2 ) r

where a = internal ring radius (in.), b = external ring radius (in.),

E = modulus of elasticity (psi), po = external pressure on thering (psi)

r = variable radius between a and b (in.), p. = Poisson's ratio (in./in), and

at = maximum tangential stress at ;he inner radius of the cylinder (psi).

These equations were obtained on the premise that materials are not stressed

beyond their elastic limit.

*Figures for Section I are found on p. 14.
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Design calculations for an anvil assembly in which one ring furnishes

the external support can be made directly by using Equations (1) and (2).

In the usual case, the modulus of elasticity of the anvil material will be

greater than that of the support ring. Thus, in using Lnese equations an

anvil under no load can be taken as completely rigid with respect to its

support ring.

For an assembly with a single ring, Equation (1) shows that the support

given an anvil under no load cannot be made greater than the maximum tan-

gential stress of the supporting steel even with a ring of infinite thickness.

However, the support to the anvil can be increased above the value of the

maximum tangential stress either by causing an effect analogous to auto-

frettaging or by use of multi-ring support.

The process of auto-frettaging is performed by making the interference

for assembly between the anvil and the support ring of such a value that the

inner fibers are stressed beyond their elastic limit. Unfortunately, the

determination of the amount that external support is increased by this pro-

cess is at best a trial and error procedure. In addition, the size of the

supporting ring renders almost impossible the obtaining of a uniformly hardened

ring by the process of heat treating. The use of multi-ring support, on the

other hand, permits the thickness of the individual rings to be kept small,

and the chance of obtaining a more homogeneously hardened steel ring by heat

treating is greatly enhanced. Also, the design equations derived in the

following paragraphs can be used to determine the external support furnished

the anvil in the multi-ring assembly.

The use of multi-ring support in design necessitates a condition for

establishing the dimensions of individual rings so that the most effective

use of materials is obtained. This design condition is inferred by Seely and

Smith [6] for their two-ring pressure vessel in which the ratio of the outside-

to-inside radius of both rings is made constant. The extension of this condi-

tion to a multi-ring assembly makes possible the determination of the radii

of any ring in the assembly by

r, = r1  r4 = m r.

r2 = mr, r5 = m4 r1 , etc., (3)

rs = m2 rl
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where m is a constant determined by the inside radius9 r1, of the smallest

ring and by the outside radius of the ° largest ring.

By utilizing the condition of Equation (3), ge ,-al design equations

for multi-ring assemblies can be derived by using Equations (1) and (2). For

a multi-ring assembly with dimensions satisfying Equation (3) and containing

j rings, Equation (1) can be written for any ring as

St(ma' - i) + 2m2 PO (4)

m+ 1

For the outermost ring, p can be taken as zero since one atmosphere is

usually small compared to the pressures developed between the ring bounda-

ries. With zero pressure on the outside surface of the outermost ring, the

internal pressure on this ring becomes

at (M
2 - 1)

1 m 2 +i

where the subscript on pi refers-to the outermost ring0  Since the inside

surface of the outermost ring is in contact with the outside surface of the

second outermost ring, the pressure at this position will be equal. The

value of internal pressure from Equation (5) can therefore be substituted

for the value of p in Equation (4) to yield an equation for determining

the internal pressure on the second outermost ring0 This equation is

ar(in2  1 ) 2m2  1
t =_ + . (6)

(P) 1 m L' + i m2 + 1]

The condition of equal pressure will hold for all ring boundaries in the

assembly. Therefore, Equation (6) can also be substituted into Equation

(4) for the value of po so that an equation for the internal pressure on

the third outermost ring is obtained. If this procedure of repeatedly

substituting for p in Equation (4) is continued until ring j is reached,

the resulting equation -will be a geometric progression.

0
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The sum of this progression gives the internal pressure on ring j as

/m2 1

Design calculations are facilitated when numbering of the rings in the

assembly starts with the innermost ring and proceeds outward. With this type

of numbering, the exponent in Equation (7) can be adjusted in terms of the

total number of rings, T, and the ring numbered f& With this adjustment,

the internal pressure on ring f becomes

2,pM2 T (8)+

and the external pressure on ring f becomes

2,2 T -f

(p) f t 1 (9)

By using Equation (8) to calculate the external support furnished an

anvil, one can determine the increase in support as more rings are used in

an assembly of constant outside diameter. Results for this type of calcula-

tion are presented in Table 1' Calculations for this table were made by

using 150,000 psi as the value for the maximum tangential stress of the steel

rings.

If the condition given by Equation (3) is used in connection with

Equation (2), the radial deformation at a radius r for any ring in the

assembly becomes

U-- 4) (P m
2 Po) + - (I + 0 (pi-Po). (10)

E(m 2  0 r

By using the radius a in Equation (10), together with the internal and external

pressures from Equations (8) and (9), the internal radial deformation of ring

f is furnished by
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Ca a 2 T - f + 1 / 2m2  T-
(u )f E (M2-)I -'' Im2+ 1 + m - i

) m 2(m2 f + I (M T -f]

In a similar manner, the external radial deformation of ring f is

2 Tb f +I 2m2  T -f~l/m~ Tf

+ (I ) ( ) T--+j 1) (12)

DESIGN CALCULATIONS

The usefulness of the equations derived in the last section is best

illustrated by presenting the methods used in designing a particular anvil

assembly, This anvil assembly, for which the design information is presented,

has, for example, been tested repeatedly at average pressures of 160,000 and

100,000 atm for periods of two weeks and two months, respectively. The methods

used in the fabrication of this particular assembly are given in the last section

of the paper.

In this design, rings are to be specified to support a I in. x 1 in.

cylindrical anvil manufactured of cemented tungsten carbide, grade K-96, by

Kennametal, Inc., of Latrobe, Pennsylvania. Grade Alco S steel manufactured

by Universal Cyclops Company was selected as the material from which to

construct the support rings. The modulus of elasticity of the carbide is

given by the manufacturer as 94 x 106 psi, as compared to a modulus of

30 x 106 for the steel [l]. The difference in these two moduli permitted

the use of the assumption, as discussed above, that anvils under no load are

rigid with respect to steel rings. The Alco S steel was used with a hardness

of Rockwell 50 on the "C" scale which gives a proportional limit of 167,000

psi [1]. Poissons ratio was taken as 0.28 for the Alco S. steel.
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Theoretically, the initial phase in designing an anvil assembly should

begin with the determination of the external support needed by the anvil

under no axial loading so that radial fractures will not occur in the anvils

after the maximum load has been applied. This determined external support

can then be used in Equation (8) as the value of pressure between the inner-

most ring and the anvil, and a combination of the three remaining variables

can be selected to satisfy the equation.

Unfortunately, mathematical relationships were not available for calcu-

lating the external support required by the anvil assembly so the initial

design phase could not be accomplished by the straightforward method described

above. The alternate method used was to calculate the amount of external

support furnished a 1-inch carbide anvil as a function of the total number

of rings for various outside assembly diameters. These calculations were

made by using Equation (8) with the value of the maximum tangential stress

fixed for the Alco S steel at 150,000 psi. The maximum tangential stress

was placed at this value to assure that lateral expansion of the anvils under

axial load would not cause the innermost fibers of the steel rings to exceed

their proportional limit. For each outside assembly diameter, a set of

results was obtained similar to those presented in Table I. These results

were then compared in order to select an outside assembly diameter and the

total number of rings. The selection was based on considerations of manufactur-

ing costs and desired maximum support. An assembly containing three rings

with an overall outside diameter of three inches was selected. The values of

the four radii for this assembly were then calculated by using Equation (3).

These radii are tabulated in Table II. By using Equation (11) for the in-

side radius and Equation (12) for the outside radius, the amount of radial

deformation for the three rings was determined to be as presented in Table

III. In order to obtain maximum support from the rings without exceeding

the maximum tangential stress, the rings had to be fabricated so that when

the assembly was complete, all radial deformations listed in Table III would

be realized. This was accomplished by allowing for the values of interference

listed in Table IV.

The final phase in the anvil assembly design consisted of determining an

appropriate conical angle for the anvils. This angle was fixed at four

degrees for the particular anvil assembly being discussed. This choice was
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based on results of experiments performed to determine the time that the

assembly would withstand maximum pressure without failure.

FABRICATION OF THE ANVIL ASSEMBLY

Fabrication of the anvil assembly, the design details of which are pre-

sented in the preceding section, began with the preparation of the steel

support rings. The required number of disks, approximately l-inch thick,

were cut from three pieces of Alco S bar stock with appropriate diameters.

By use of the lathe, rings of three sizes were formed which had oversized

outside diameters and undersized inside diameters within about 0.050 of an

inch of the values listed in Table II This extra material was left on the

rings so thatany decarburization or warping that might occur during heat

treating could be removed in the final grinding operations.

The process of hardening the Alco S steel rings was started by heating

to 17500 F, the temperature required for quenching. Decarburization was

minimized at this high temperature by placing the rings in a closed container

and surrounding them with elemental carbon. Time in the furnace at these high

temperatures was reduced by allowing the furnace to reach 1400' F before the

rings were inserted and then by removing the rings for oil quenching as soon

as the furnace temperature rose to 17500 F. Rings were left in the container

while they were moved to the oil quenching bath so that the heat loss by

radiation would be decreased. After the rings had been hardened by the oil

quench, the temperature of the furnace was reduced to 1000' F, and the cold

rings were inserted for annealing. The container and carbon were not used

for annealing since the rate of decarburization became negligible at this

lower temperature. The cold rings reduced the temperature of the furnace so

that an annealing time of two hours was measured from the time that the furnace

regained the original 10000 F. Tests ona hardness-testing machine verified

the fact that rings heat treated in accordance with the above method invariably

had a Rockwell hardness of 50 on the "C" scale.

Two methods of assembly are presently specified on mechanical designs of

equipment requiring interference fits. One method utilizes heating and cooling

of the component parts so that the corresponding expansion and contraction

will allow assembly. With the other method, interference tapers are ground on
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mating parts so that they can be forced together to give the desired radial

deformation. In order to use the first method of assembly "or the rings,

the heating necessary to obtain the correct amount of exp nsion had to be of

such a nature that the hardness of the steel was not affected. Since the

required heating affected the degree of hardness, the second method of assembly

was used Therefore, after heat-treating had been completed, the flat surfaces

of the rings were surface ground to give the desired height, and the inner and

outer radial surfaces of each ring were ground to a taper of 1/8-inch/foot

The solid carbide cylinder was ground on the lathe to the same taper. A

tool post grinder with a diamond wheel was used in this operation.

Values of interference specified in Table IV had to be obtained upon

assembly of the component parts. Higher values of interference than those

specified caused the rings to fracture when the assembly was made0 With lower

values, the external support on the carbide anvils was insufficient to prevent

radial fracturing. In order to obtain the correct values for the interference,

a gauging method was used whereby the vertical projection of each ring and

anvil was measured with respect to another ring before assembly. The arrange-

ment used to gauge the rings and anvil before assembly is shown in Figure 2.

Values for the vertical projections in Figure 2 were calculated by using the

value of the taper ground on the rings and anvils in connection with the

values of interference listed in Table IVo

Owing to the fact that under an axial load the greatest increase in stress

occurs at the inner radius of the inner ring of the assembly, it was found

desirable to increase the value of the proportional limit of the steel at

this point by the process of auto-frettaging. This strengthening process

was applied to the inner ring by overstressing the inner fibers on a hardened

steel mandrel ground with the same taper as the rings0 These inner rings

were placed on the mandrel while the i.d. was still 0.010 inches under size

and forced down the mandrel for a distance of one inch, a process which over-

stressed the inner fibers. These rings were then removed and ground to the

final dimension for assembly.

Assembly of the solid core and rings was accomplished by lubricating all

surfaces and molybdenum sulfide, used as an extremely fine powder suspended

in a volatile solvent. All rings and anvils were pressed together in a
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30ton press at one operation. Care had to be exercised during this operation

as outer rings sometimes failed and were shot from the assembly. Also, outer

rings were observed to fail for a period of as long as four hours after press-

ing, Therefore, final machining operations were not performed on rings until

at least this period of time had elapsed.

The final machining operation consisted of making a fine cut with the

diamond wheel on both ends of the solid carbide core to ensure parallel surfaces

and then of cutting the four-degree conical angle to give the desired diameter

for the flat working surface.

Anvil assemblies in which anvils fractured after long periods of operation

were not discarded but were refinished, Refinishing was accomplished by first

grinding the steel of the rings below that portion of the anvil which had

fractured. The anvil was then resurfaced, and a new conical angle was ground.

All grinding operations in the refinishing process were performed on the lathe,

the tool post grinder being used. These refinishing operations were continued

after fracturing until either unit of the anvil assembly was ground below a

height of 0.40 inches. Units below this height would not support a high total

thrust and were therefore discarded.
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TABLE I

EXTERNAL SUPPORT ON A 1-INCH ANVIL WITH AN
ASSEMBLY DIAMETER OF 3 INCHES

ood./iod. Extern:tl Support
Number of Rings (b/a) (psi)

1 3.00 120 x 105

2 1.73 1o88 x 105

3 1.44 2.22 x 105

4 1.32 2.40 x 105

7 1.17 2.67 x 105

10 1.12 2.76 x 105

TABLE II

VALUES OF THE DIFFERENT RADII FOR A 3-RING ANVIL ASSEMBLY

Value
Radius (in.)

r, 0.50

r 2  0.72

r3 1.04

r 4 1.50
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TABLE III

RADIAL DEFORMATIONS IN A 3-RING ASSEMBLY

Internal radial External radial

Ring number deformation deformation
(in.xlO3) (in.xl03 )

1 3.48 2.11

II 4.46 3.28

III 5.73 2.45

TABLE IV

INTERFERENCES FOR A 3-RING ASSEMBLY

Interference
Boundary (in.xl03 )

Solid core-Ring I 6.96

Ring I-Ring II 4.70

Ring II-Ring III 4.90



A B

a,

jB A

Fig. 1. Schematic diagram of anvil assembly.

0.67"

i
Fig. 2. Arrangement of rings and anvil for
determining the values of interference to be
obtained on assembly.
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SECTION II

IRREVERSIBLE COMPRESSIBILITY OF SILICA GLSS AS A MEANS OF DETERMINING

THE DISTRIBUTION OF FORCE IN HIGH-PRESSURr CELLS

(W. B. Gogarty, S. S. Kistler, and E. B. Christiansen)

ABSTRACT

The theoretical distribution of force over two types of cells used at

pressures up to 160,000 atm is considered and compared with experimental resuls

obtained by using silica glass as a pressure indicator. Experimental data for

the pressure-irreversible density-change relation of silica glass to pressures

of 200,000 atm are reported. Differences between results of the present inves-

tigation and those of previous investigations are discussed.

INTRODUCTION

In an experimental investiga ion to determine the effect of pressure on

radioactive decay by orbital electron capture (see Section III), the three

pressure cells shown in Figure 1* were employed. These cells were compressed

between anvils supported with hardened steel rings to generate average pressures

up to 160,000 atm. The anvils and supporting rings are shown in Figure 2, as

parts B and A, respectively. Methods used in the design and fabrication of the

anvil assembly are discussed in Section I and elsewhere. [5, 6]

A major problem encountered with this type of anvil assembly is the deter-

mination of the force distribution over a particular type of pressure cell.

An investigation therefore was initiated to obtain the approximate force

distributions over the cells used in the radioactive decay studies.

THEORETICAL CONSIDERATIONS OF FORCE DISTRIBUTION OVER TYPE I PRESSURE CELL

As the flat surfaces of the anvils come together on the Type I pressure cell

(see Figure 1), the two pipestone disks are forced together and the entire cell

approximates a solid disk. The first attempt to analyze the force distribution

over such a solid disk was made by Bridgman in connection with his studies on

the effect of shearing stress on materials at high pressures. [1] A more recent

analysis of this problem has been made by Komkov. [8]

In making his analysis, Bridgman assumed that both surfaces of the anvils

approximated semi-infinite planes, with the disk acting as a cylinder and

*Figures for Section II are found on pp. 31-32.
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applying a certain force distribution to both of these surfaces. With this

assumption, Hertz's equation [9] could be used to give the normal deformation of

the surfaces as ( + 25
w= 458(+ i ) (1

where o and 8 are constants defined in terms of the modulus of elasticity and

Poisson's ratio and 0 is a function which depends on the pressure distribution

and position. The difference in deformation between the center and outside edge

of the anvil surfaces was then calculated with equation (1) by assuming a uniform

pressure distribution. The results of this calculation indicated that after

pressing, disks should appear as double convex lenses. Disks after pressing

were found by Bridgman to be lenticular in shape; this observation, together

with the fact that the use of a uniform pressure distribution in Hertz's equation

had led to a prediction of this shape, caused Bridgman [2] to assume, as an

approximation of the first order, that the force over the disk was uniformly

distributed. As an approximation of the second order, the pressure on the disk

in an annular ring was assumed by Bridgman to be greater than that at the center

or the edge; but the difference in pressure between the annular ring and the

center or the edge was thought to be small.

These early calculations and experimental observations by Bridgman [1,2]

seemed to have set the precedent in the field of high pressure for the determina-

tion of the force distribution over this type of pressure cell. Hence, present-

day investigators still report pressures in terms of total thrust divided by

cross-sectional areas with the implication that this average pressure is close

to the pressure developed in the cell. That the average pressure is not

approached in this type of cell can be seen from the following experimental

results.

EXPERINENTAL DETERMINATIONS OF FORCE DISTRIBUTION OVER TYPE I PRESSURE CELL

Bridgman and Simon [3] reported that silica glass under pressure shows a

permanent change in density when the pressure applied exceeds 100,000 atm.

Values of pressure given by these investigators were calculated by dividing

the total force applied to a glass disk by its final area. They mentioned that

above 100,000 atm small fragments from the outer rings of the glass disks showed

permanent increases in density as high as 17%. Central portions of the glass

disks were reported as showing only a maximum increase in density of 7.5%.

Although these investigators did not mention the possibility of nonuniform force
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distribution over the anvil surfaces, the great difference in density change

for a given disk indicated that outer portions of the glass disks were taking 1

disproportionate fraction of the total load. Thus, the problem of force distri-

bution in the .Type I cell was approached with the idea that measured variations

in density across a silica glass disk would approximate the force distribution

-in. the cell,

To make accurate measurements of the density of any small portion of a

crushed glass disk or of the entire disk, a sink-float technique was developed.

For this method of measurement, mixtures of bromobenzene (1.50 g per ml) and

s-tetrabromoethane (2.96 g per ml) were used in glass-stoppered volumetric flasks

held at a constant temperature in a closely controlled bath, Fragments of glass

were dropped into the flasks filled with mixtures of the liquids having densities

slightly lower than those anticipated for the fragments. S-tetrabromoethane

was added dropwise to each flask accompanied with thorough mixing until the

fragments neither settled nor rose. This technique was very sensitive, and the

influence of one or two drops of s-tetrabromoethane in 50 ml of the mixture could

easily be observed. After the composition having the same density as that of the

glass fragments was found, the liquid was collected in a pycnpmeter after passing

through a fine screen to capture the fragments, The pycnometer was then placed

inside the bath, and the liquid density was determined by conventional means.

Densities with an accuracy of four significant figures were obtained by this method

Glass disks from the pressure apparatus were crazed or cracked and appeared

to be white. When samples from approximately 90% of the material in a disk were

dropped into the specific gravity liquid, they became clear owing to the dis-

placement of the air. Samples from the other 10% of the material remained white

after being placed in liquid. The material which remained white was always found

in the outermost ring of a disk. To determine the amount of error associated

with the entrapment of air in samples from the outermost ring of a disk, a

sample appearing white in the specific gravity liquid was boiled until it

became 100% transparent. The density of the transparent sample was found to be

identical with the value of density determined before the air had been removed

by boiling. These identical values of density indicated that the error in

density caused by entrapped air was insignificant for samples which remained

white after being placed in the specific gravity liquid.
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The pressure apparatus for the glass experiments consisted of an anvil

assemply of the type shown in Figure 2, the total thrust being supplied by a 50-

ton press. The flat surfaces of the anvils were 0.5 in, in diameter, and the

glass disks placed between the anvils were 0.24 in. in diameter and approximately

0.006 in. thick. A lead ring 0.004 in, thick and with an outside diameter of

1/2 in. was placed around each disk of glass before pressurization, This ring

served to center the disk by means of a jig and also helped to contain the glas~s

fragments around the outside of the disk after pressurization.

Initial experiments showed that very slight departure of the anvil surfaces

from the parallel caused one side of the glass disk to be much more extensively

compressed than the other. This difficulty was overcome by rigging a tool-post

grinder on the lower platen of the press and by grinding both anvil surfaces

in situ. The roughened surface of a freshly ground anvil tended to crack the

glass and to produce irregular loading. Consequently, the anvil surfaces were

polished with diamond paste until a mirrorlike finish had been obtained on both

surfaces. Only with anvils prepared in this way was it possible to obtain a

symmetrical and reproducible compression of the glass disks.

A great deal of time was spent trying to prepare glass disks with the

surfaces flat, smooth, and parallel. Metallographic techniques were adequate

to prepare single surfaces with the desiied flatness and smoothness, but the

control for keeping the surfaces of the disks parallel was not satisfactory.

A grinding technique for forming the disks on the lathe was finally developed

whereby the surfaces of disks were made parallel to within 0.0001 in. Details

of the grinding process used are described in Section I and elsewhere [ 5, 6]

After a disk was completed and positioned on the lower anvil, it was

pressurized at a low rate. Total thrust on the disk was calculated from the area

of the press cylinder and the oil pressure. All the earlier measurements were

made with a dwell time of 1 minute whereas later measurements were made with

longer dwell times. Rapid reduction of pressure often resulted in a "blowout"

of the disk. It was surmised that a slow rate of pressure reduction was

conducive to relieving the stresses built up in the metal anvils and glass

disks. All pressing operations were performed at a temperature of approximately

750 F.
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Compressed disks were sampled so that the variation in density over the

whole disk could be determined. Two opposing sections from the outer ring, which

was usually loose from the center of the disk, were always selected in the samp-

ling. These sections were labeled a and b in Figure 3. Inside this ring

the remaining center section was sectioned approximately along the dotted lines,

as shown in Figure 3, and the two outer portions labeled. c and d were discar-

ded. The central portion was divided into as many as five parts along the dia-

meter. The radial lengths of samples from a disk were measured with a traveling

microscope. Each sample was then transferred to a float-sink bottle, and the

densities of all samples were carefully determined.

With the traveling microscope measurements, two different sets of incremen-

tal areas were calculated, the total area of the disk being represented by each

set. These two sets of incremental areas were based on the radial lengths of

samples determined in opposite directions from the center of the disk. Incremen-

tal calculations of this type resulted in the center-section sample being common

to both sets of areas. However, the area of this section was equal in the two

sets of incremental areas only when the center of the sample from the center sec-

tion corresponded to the center of the disk. Areas other than the center section

were annular rings in both sets of incremental areas.

When the densities of samples on one side of the center of the disk were

weighted according to their corresponding incremental areas and added, they gave

an area mean density for the entire disk. This method of calculating the mean

density was checked experimentally and was found to be satisfactory. If the

area mean density based on either set of incremental areas differed by more than

10% from the average of the two sides, the results were discarded. Densities and

a corresponding set of incremental areas for disks pressurized for 1 minute are

presented in Table I.

Density profile curves for the disks of Table I give the variation in density

across a disk that is needed to approximate experimentally the force distribution

across a Type I pressure cell. Examples of these curves are shown in Figures 4

and 5. Figure 4 illustrates how well the technique developed succeeded in pro-

ducing a symmetrical compression of the disks and should be compared with Figure

6, which is an example of a disk that has been prepared by metallographic
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methods and pressed between anvils that had been ground external to the press.

Figure 5 shows the more usual case of a density profile curve. The appearance

of the curve in Figure 5 gives the idea that the compression might not have

been symmetrical. However, symmetry in compression of the disks with curves

such as Figure 5 was checked by the method of area mean density described in

the foregoing and was found to fall within the 10% limit. The left side of Figur,

5 is especially good in showing how the thrust starts at zero at the edge,

increases to some maximum value, and decreases to the minimum value in the center

The distribution of force shown in Figures 4 and 5 represents experimental proof

that the approximation of the second order which was first stated and then dis-

regarded by Bridgman in calculating the average pressure for his shear experiment!

is of a much larger magnitude than was heretofore suspected.

THEORETICAL CONSIDERATIONS OF FORCE DISTRIBUTION OVER TYPE 1I PRESSURE CELL

During experimental runs to determine the best dimensions for the Type II

pressure cells (see Figure 1), characteristics of these cells were repeatedly

observed from which conclusions could be drawn concerning the force distribution,

These characteristics included (1) flow of the pipestone ring toward the center

until halted by the outward flow of the center section, (2) repeated blowouts

when the pipestone ring was not thick enough to develop sufficient friction

before loading the center section, and (3) extrusion of either silver chloride

or lead if the amount of these solid pressure-transmitting materials were too

great.

Judging by these characteristics, the mechanism for successful loading

appeared to begin with the crushing of the pipestone ring, the thrust initially

being supported by this ring, As the ring thickness decreased owing to the

flow of the pipestone with increasing thrust, part of the thrust was transferred

to the center section of the cell. Tests made in pipestone rings without any

center section showed that the rings would flow until the entire flat surface of

the anvil was covered. As the flow of the pipestone ring continued, a larger

fraction of the total thrust was transferred to the center section and the back

pressure on the ring continued to increase. The force caused by this back pressur

on the pipestone ring was opposed by the frictional force between the ring and the

anvil surfaces. That this frictional force at times did not become large enough
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to equal the back pressure caused by the center section was assumed to be

the reason for the blowouts. Results of tests made to check this assumed

reason for blowouts are presented in Table II. For these tests, the thick-

ness of the pipestone rings and the diameter of the center section were

held constant, whereas the total thickness of the center section was varied.

The center section with a thickness of 0.007 in. showed the characteristic

extrusion of the silver chloride, whereas the 0.006-in. thick center

section was completely contained. This observed extrusion characteristic

indicates that when the amount of center-section material is decreased below

the amount required to avoid blowout, the effectiveness of center-section

loading can be gaged by the tendency to extrude from this section.

Based on the foregoing Type II pressure-cell characteristics, to-

gether with the additional supporting experimental evidence, the theoretical

force distribution over the cell can be calculated by equating the frictional

force between the pipestone ring and the anvil surfaces to the force exerted

by the lead or silver chloride on the inside surface of the pipestone ring.

Thus,

Ff = Fa (2)

where the subscripts f and a refer to the frictional force and force on

the inside surface of the pipestone ring, respectively. The frictional force

can be expressed in terms of the coefficient of friction, k, and the force

on the ring, Fo, as

Ff = 2kF°  (3)

The force on the ring is related to the total force on the cell, Ft and the

force on the center section, Fc by

F ° = Ft -Fc (4)

If the solid transmitting the pressure in the center section exhibits little

internal shearing stress, the pressure developed in this section is given

by
Fc

P = TR1
2  

(5)

where Ri is the radius of the center section. By using the value of pressure

from equation (5) and the thickness of the pressure cell under load as y,

the force on the inner surface of the pipestone ring can be determined from

Fa = 2Fcy (6)R,



-23-

Equations (2) through (6) can then be combined and arranged to g:ive the

fraction of total force over the center section as

F 1 (7)

Ft __ +I
kR

Calculations made with equation (7) are based on the two assumptions

that the anvil surfaces are flat under load and that the loading of the

cell takes place in a definite series of steps as force is being applied.

These steps include (1) an initial period when the pipestone ring receives

the entire force and is crushed until the coefficient of friction reaches

a maximum constant value, (2) a second period during which additional applied

force is distributed between the center section of the cell and the pipestone

ring, and (3) a final period in which the entire cell, with center section

contained, assumes a thickness determined by a balance of the frictional and

total applied force. The reliability of the first assumption has been

checked for a pressure cell similar to the Type II cell used in the present

investigation by Professor George Jura who used X-ray procedures [7].

The distortion of the anvils under load according to Jurays X-ray pictures

is very slight. The conditions of the second assumption were observed to

be at least approximately valid for all experimental runs made with the Type

II cells.

Equation (7) could be used to determine the approximate pressure to

which the center section of the cell has been subjected if the coefficient

of friction, k, were available Values of the coefficient of friction from

independent tests under these high pressures are not available, The value,

however, of k calculated by using a uniform pressure distribution and

typical cell dimensions is approximately 0.025. This small value for a

coefficient of friction would seem to indicate that the calculation of disk

pressures for the Type II pressure cell, in which a total thrust and the

anvil area are used, yields a conservative figure.

EXPERIMENTAL DETERMINATIONS OF FORCE DISTRIBUTION OVER TYPE II
PRESSURE CELL

To test the validity of calculating the center-section pressure for the

Type II pressure cell by the use of a uniform force distribution, as suggested

by the foregoing theoretical considerations, the advantage of replacing the
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radioactive sample with some pressure-sensing element at once became

apparent. This pressure-sensing element had to be calibrated to pressures

of more than 100,000 atm, the working pressure of the cell. The previous

work with silica glass suggested the use of t~is material as the pressure-

sensing element if a function of permanent change in density versus pressure

could be determined. This function could have been determined experimentally

if an apparatus were available for compressing glass disks hydrostatically

above 100,000 atm. The need for this type of apparatus was eliminated by

evaluating the force distribution data obtained in connection with the Type

I pressure cell. The evaluation (as discussed below) of the force dis-

tribution data in Table I was accomplished in a manner such that a hydrostatic

pressure could be determined whenever a uniform permanent change in density

of a glass disk was obtained.

Several attempts were made to find a logical mathematical relation

between the irreversible compression of glass and pressure. These attempts

were based on the data of Table I. No satisfactory method was found, how-

ever, and it became necessary to use what might be termed a "relaxation"

method. This method involved a type of trial-and-error procedure. The

general condition used in this procedure was that the sum of the products

obtained by multiplying each incremental area of a particular disk listed

in Table I by the unit pressure on that area had to be equal to the total

force applied on the disk. The unit pressures on the incremental areas of

any disk were determined by using the corresponding values of change in

density presented in Table I. In making these determinations of unit

pressures, it was necessary to have the desired relation between the hydrostatic

pressure and the permanent change in density.

As a starting point in the calculation procedures, the average pressure

and area mean density were calculated for the disks of Table I. As shown

in Figure 7, the data from this calculation were plotted and a preliminary

curve was drawn. With this assumed curve available, the unit pressures on

the incremental areas of each disk were determined. These values of pressure

were converted to force by using the corresponding incremental areas. The

calculated force on a disk was obtained by summing the forces on the

incremental areas of the disk. The calculated values of force based on the

preliminary curve were then compared with the measured value of force on a

disk by the method shown in Table III.
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A nonzero sum for the values in the fourth column of Table III was

taken as proof that the preliminary curve did not give the best representa-

tion of the data. The slope and height of the preliminary curve were

corrected, and the method of calculation described in the foregoing was

repeated. This procedure of changing the preliminary curve and re-

calculating was followed until the sum mentioned in connection with the

fourth column of Table III was zero. The curve used in the final calcula-

tion is shown in Figure 8,

To determine the influence of time of pressurization on the precentage

change in density of silica glass, and thus determine if the function between

change in density and in pressure, as given by Figure 8, would be affected,

several tests were run in which different pressurization times were used at

the same total thrust of 64,300 lb. The time of pressurization in these

tests ranged from .1 to 128 minutes. The area mean density of each disk was

calculated, the techniques described in the foregoing being used. Within

the limits of experimental error, these densities remained the same, as

shown in Table IV.

The function of percentage change in the density of silica glass versus

the pressure as given by Figure 8 now being available, experiments were

performed by replacing the radioactive sample in the lead-modified Type II

pressure cell with silica glass disks which were to be used as pressure-

sensing elements. The procedures used for these experiments are best

illustrated by a typical example in which the anvil area had a diameter of

0.400 in. The outside diameter of the pipestone ring was the same as the

anvil diameter and the inside diameter was 0.250 in. The height of the

pipestone was 0.012 in. The glass disk used was 0.008 in, thick and 0.175

in. in diameter. The lead disks used to surround the glass disk had the

same diameter as the inside diameter of the pipestone ring and were 0,002 in,

thick. After assembly of the pressure cell, a total thrust of 113,200 lb.

was applied over the cell and released, The center section of the cell was

removed and cut in half, This cutting revealed a cross-sectional view of

lead-glass-lead which appeared to be sufficient to eliminate any shear

component in the glass, Both halves of the center section were placed in

hot concentrated sulfuric acid and the lead was dissolved from around the

glass. The range of the percentage change in density of the glass which was
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completely fragmented was measured, the sink-float method being used, by

determining thq density of the fluid with all particles floating and with

all particles sinking. This range of percentage chang, 1 density of the

silica-glass pressure-sensing element was then convexte to a pressure

range by means of Figure 8.

The range of pressure for the foregoing example was between 67,000

and 77,000 atm as compared with the average pressure of 61,000 atm over

the center section area of the cell. This average pressure was calculated

by using the total thrust applied and the anvil surface area. The range of

pressure for other tests was also higher than the calculated average pressure.

The fact that the values of the pressure range determined from the silica

glass pressure-sensing elements were always greater than the average pressure

may be taken as experimental evidence that calculations of pressure based

on a uniform force distribution over the Type II pressure cells are on the

conservative side.

Mention should be made that Bridgman,[4 ] in attempting to obtain

approximate hydrostatic pressure on glass disks, used the same type of

pressure cell as described in the foregoing. He reported that no change in

density was observed owing to the absence of a shearing component which

was present when the force had been applied in his previous experiments

with Simon [3 1 Thus, he concluded that under hydrostatic pressure silica

glass is not irreversibly compressed and, as a corollary, that shearing

action is necessary for a permanent increase in density with pressure.

Since these results of Bridgman did not agree with those of the present

investigation, a close examination of the two experimental procedures was

made to try to explain the difference in the results. For Bridgman's tests,

the pressure cells were of such a size that the amount of lead surrounding

the glass disk was somewhat greater than in the present investigation, and

the possibility exists that the glass disks in the present experiments

actually experience a slight shearing component of force. Evidence of these

shearing components may be found in the range of density shown by disks in

the present investigation instead of a uniform density change. These ranges

in density, however, were not very great when compared with the range of

density shown by a glass disk pressed between two anvils. The low accuracy

of the method used by Bridgman to determine changes in density of his glass
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pressure-sensing elements may also account for the difference in results.

The method used was merely that of measuring any change in thickness of

one of the several clear blocks which had cracked from the original glass

disk measuring 0,006 in. These measurements were reported accurate to

within 0.0001 in,, but this means that changes in density greater than 1.6%

only could be observed. Another discrepancy between the two experiments

was the condition of the glass disk after pressing. The complete fragmen-

tation of the glass disk in the present investigation as compared with

slight cracking only in Bridgman's test may indicate either the use of

insufficient lead in the present investigation or incomplete loading in

Bridgman's case. One final difference in the two experiments was that

Bridgman used soda glass whereas the present tests were performed with

silica glass.

TABLE I. EXPERIMENTAL DATA FOR SILICA CLASS

Disk Force Change Incremental areas
_4

No. (lb.) x 10 in density (%) (in.2 ) x 102

1 1.45 0.05 2.54

0.1 2.42

2 2.08 0.1 Complete Disk

3 2.87 0.1 3.05

0.5 1.74

4 3.57 0.6 2.69

2.0 1.50

5 4.25 0.3 1.91

2.2 3.08

6 4.28 0.3 1.21

0.5 1.45
2.2 1.64

7 5.66 3.6 2.04

6.1 3.40

8 6.43 1.5 1.37

5.2 3.42

2.0 1.50
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TABLE I (Continued)

Disk Force Change Incremental areas-4

No. (lb.) x 10 in density (%) (in.2 ) x 102

9 8.46 2.1 0.64

6.0 2.63

6.1 1.72

10 8.51 1.8 0.88

4.6 1,84

7.7 2.04

11 9.84 5.3 0.30

7.4 1.30

14.9 1.69

5.4 2.30

12 9.90 2.8 0.93

4.0 1.10

7.5 3.15

13 11.26 4.5 0.02

5.1 0.62

6.8 1.28

12.9 1.72

8.7 1.72

14 11.27 6.7 1.20

8.9 3.11

15 14.06 4.0 1.72

9.0 1.65

8.7 1.99

16 14.09 4.3 1.54

14.9 0.90

7.8 1.94
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TABLE II. EFFECT OF CENTER-SECTION THICKNESS ON BLOWOUT IN

SILVER CHLORIDE-MODIFIED TYPE II PRESSURE CELL

Thickness of center section Total thrust at blowout
(in.) (lb.)

0.010 15,000

0.009 26,000

0.008 47,000

0.007 200,000*

0.006 200,000*

* No blowout occurred with these disks.

TABLE III. COMPARISON OF MEASURED AND CALCULATED VALUES

OF FORCE

Difference between

Measured Calculated calculated and
Disk force force measured force
No. (lb.) x 10 - 4  (lb.) x 10 4  (lb.) x 10 - 4

1 1.45 2.16 +0.71

3 2.87 3.24 +0.37

4 3.57 4.32 +0.75

5 4.25 5.60 +1.35

6 4.28 4.44 +0.16

7 5.66 9.40 +3.74

8 6.43 9.40 +2.97

9 8.46 8.87 +0.41

10 8.51 8.30 -0.21

11 9.84 12.20 +2.36

12 9.90 9.60 -0.30

13 11.26 11,94 +0.68

14 11.27 10.70 -0.57

15 14.06 10.97 -3.09

16 14.09 9.13 -4.96
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TABLE IV. INFLUENCE OF TIME OF PRESSURIZATION

Time of pressurization Change in

(minutes) area mean density (%)

1 3.6

2 3.4

8 2.8

32 3.9

128 3.5
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SECTION III

THE EFFECT OF PRESSURE ON ORBITAL ELECTRON CAPTURE

(W. B. Gogarty, S. S. Kistler, and E. B. Christiansen)

ABSTRACT

Results are presented of an experimental investigation [9] of the effedt
7 131of pressure on orbital electron capture in Be and Ba . Isotope samples were

subjected to pressures as high as 157,000 atm for 20 days and as long as 48

days at 140,000 atm. A counting technique was employed by which small differ-

ences in the decay constants of two samples, one of which had been pressurized,

were determined accurately with a scintillation system. Based on a least

squares analysis of the data, tht fractional increase in the total decay

constant per atmosphere was estimated to be 2.5 x 10-8 and 1.3 x 10-8 for the

two different cell designs in which Be was pressurized and 0.66 k 10-8 for

Ba131 which was pressurizAd in a third type of cell. Six out of a total of

24 runs showed a decrease in the decay constant outside of the statistical

error. The reason for these six theoretically anomalous results is discussed.
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INTRODUCTION

Radioactive decay by orbital electron capture is a transformation process

in which the atomic number of the parent atom is reduced by one because of a

proton-to-neutron conversion in the nucleus. This proton-to-neutron conversion

is accomplished when an electron normally external to the nucleus, and usually

one of the orbital electrons from an inner shell, is captured while inside the

nucleus by a proton. By assuming the transformation process to take place only

with electrons bound to the radioactive atoms, the total decay constant for the

process can be written as

% C([*o] ~(O)K ] 2 + [*(0(OL ] 2 + [*0 j ]2(1

where C is a constant and r(0) represents the wave function at the nucleus

for electrons from the K, L, , etc., shells. The assumption inherent in

Equation (1), which is usually justified, is that the energy required to re-

move an orbital electron from an electron shell such as the K shell is small

compared with the total energy of the transformation. The total rate constant

for decay or total decay probability of a nucleus as a result of the capture

of orbital electrons is by Equation (1), proportional to the electron density

within the nuclear field.

The suggestion was first made independently by Segre [15]and Daudel [7]

that the rate constant for isotopes decaying by orbital electron capture might

be changed by varying the electron density within the nuclear field. Several

investigators [1-4, 11-13, 16, 17] have reportedvariations in the rate constant of Be7 in

consequence of change in the chemical environment. No results have been

published on attempts to alter by physical methods the rate constants of

isotopes decaying by orbital electron capture.

The decay rate for the isomeric transition in Tc 99m depends on the internal

conversion process. In this process, some of the transition energy is removed

by orbital electrons. Bainbridge [6] has observed an increase of 0.025 per

cent in the decay rate of Tc 99m at a pressure of 100,000 atm The results of

a theoretical calculation by Porter and McMillan [14] show that the increase
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in decay rate at this pressure should be in the range of 0.02 - 0.04 per cent.

These experimental and theoretical results would indicate that the electron

density increases at the nucleus when the average election density of a material

is increased by extremely high pressures. Since the rate constant for the

electron capture process is predicted to be a function of the electron density

at the nucleus, increases in the average electron density by pressure should

increase the rate of radioactive decay for isotopes which normally decay by

orbital electron capture.

This paper gives the method used and results obtained for an experimental

study [91 undertaken to investigate the postulate that the rate of radioactive

decay involving orbital electron capture may be affected by pressure-induced

increases in the average electron density. The general modus operandi was to

subject radioactive nuclei which normally decay by orbital electron capture

to extremely high pressures and compare the rate of decay for pressurized

samples with those decaying at one atmosphere.
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EXPERIMENTAL

SELECTION OF RADIOACTIVE ISOTOPES

Atomic number considerations would indicate that an increase in pressure

will probably change the rate of electron capture to the greatest extent in

a nucleus with a smaller atomic number. However, decay by orbital electron

capture is favored in elements having large atomic numbers. Thus, it is not

surprising that only two isotopes (Be7 and A 37 ) with atomic numbers less than

19 decay by electron capture. Argon is difficult to work with in a high pres-

sure apparatus. However, Be7 and many of its ionic salts are solids at ordinary

conditions, and it has a half-life which was acceptable for use in this investi-

gation. Therefore, Be7 was selected as one of the isotopes to be used in the
7

investigation. The choice of Be was also influenced by the work of previous

investigators who have, as noted above, succeeded by chemical means in changing

its total decay constant.

The possibility exists that elements with larger atomic numbers and large

factors of compressibility may experience large enough volume changes with

extremely high pressures to overshadow atomic number considerations. In order

to check the idea that a large compressibility may be as important as a small

change in volume for barium when the pressure is increased to 100,00 kg/cm2

from 1 kg/cm 2 has been determined by Bridgman [5] to be 45 per cent. That the

isotope has a half-life of 12.0 days [18] and is readily available were also

factors in its selection.

PRESSURE CELLS

Two different types of pressure cells were used to contain the radioactive

samples during the application of the high pressures. The design of both of

these cells was based on the physical properties of catlinite This material

exhibits a high internal shearing stress and when in contact with most metal

surfaces, produces a high coefficient of friction. Cross-sectional details

The red variety of catlinite was obtained from Ward's Natural Science Estab-
lishment, Rochester, New York, under the commercial name of pipestone.
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of the cells used in the investigation are presented in Figure i# Dimensions

of the cells appear in Table I.

As the flat anvil surface on which the Type I cell rtsts is moved against

a similar, stationary surface, the two pipestone disks are forced together

and begin to flow outward in such a way as to completely contain the radio-

active sample. This outward flow continues as the total thrust is increased

until the internal shearing stress of the assembly equals the value of the

force causing the flow. The dimensions of the disks were adjusted to limit

the amount of pipestone that flowed beyond the perimeter of the flat surfaces

of the anvils. A separate investigation reported in Section II and elsewhere

[8, 9] revealed that the force distribution over this Type I cell is not

uniform; nevertheless, all pressures for this cell are reported in terms of

the total force divided by the flat-surface area of the anvil.

In the case of the Type II pressure cells (see Figure 1), the pipestone

ring is initially crushed and flows both away from and toward the center

section of the cell until loading of the center section begins. The force

on the center section, which contains a material of low shearing etress,

causes an outward force on the pipestone ring which is balanced by the friction-

al force on the ring. Observations [8, 9] (see Section II) have shown that

the pressures developed on samples within the center sections of these cells

are approximately uniform and can be calculated by dividing the total thrust

by the anvil area. Pressures reported for the Type II cells were calculated

in this manner,

PRESSURE EQUIPMENT

Total thrusts for the above described pressure cells were furnished by

one 50-ton press and two 100ton presses. The 50-ton press was manufactured

by American Steel Foundries (Elmes Engineering Division). The 100-ton presses

were designed and constructed for the investigation [9]. All presses were

fitted with pressure-recording and control units by which the cylinder oil

pressure was recorded and kept constant during a run. Presses were equipped

so that the rate of increasing and decreasing the thrust could be varied.

The adjustment of the rate of application or removal of thrust was necessary

*Figures for Section III are found on pp. 57-64.
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in some cases to avoid cell failure by "blowout". The total thrust on the

pressure cells was taken as the total force applied to ta.. piston of the

press used. This method of determining thrust on the cells assumes that

loss of force caused by friction in the press packing glands is negligible.

This assumption was checked for the presses by use of a calibrated load cell,

and the effect of packing gland friction was found to be negligible.

Thrust was transmitted from a particular press to one of the pressure

cells by means of the anvil assembly shown in cross section in Figure 2o The

central portions of this assembly, listed as B in Figure 2, will be referred

to as the anvils, Identical truncated conical tops having the required angle,

a and dimensions to give the desired strength and flat working surface were

ground on each of these anvils, Anvils were made of cemented tungsten carbide.

The shrunk-on steel rings, listed as A in Figure 2, were designed and fabri-

cated to furnish the required external support to the anvils [9, 10] . (See

Section 1) .

RADIOACTIVE COUNTING

Changes in the total decay constant of isotopes subjected to pressure

were measured by a comparison type of counting technique. This technique

eliminated the need for determining an accurate-absolute value of isotope

half-life and also minimized the influence of electronic drift in the equip-

ment. The technique used was based on the following relationship

(dA 
-A

d t tS 
t 

PO(~) (~ 0exp[-((t -t) (t -t) (2)

where dA/dt represents an average value of the measured activity, ' is the

total decay constant, and t is the time. The subscripts p, s, o, and t

in the above equation refer to the pressurized sample, the standard sample,

an initial time, and any time, respectively.

Equation (2) is based on the fundamental relationship giving the rate
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of decay of N radioactive atoms as

dN X N (3)
dt t

In deriving Equation (2), Equation (3) is first integrated between an initial

time, toy and any time, t, and then multiplied by %, to givet

The absolute activity in Equation (4) is next replaced with the measured acti-

vity by means of Equation (5)

dN K dM (5)
dt dt

which results in Equation (6)

!% 'd -t (6)

dt d exp[-

The activities in Equation (6) are the instantaneous or point values at an

initial time, toy and some later time, t. The average activity, measured

over a time interval, 0, can be related to the instantaneous activity at time

t by

00 dt 0d t +00
0 ~ ~ to

The integrated and rearranged form of Equation (7) is

dM = 1- dA tto (8a)

dt 0 0 dt o1 - exp[- % to] (
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The integration of Equation (7) over the same time intr.rvsl, e, but with

limits fixed by a later time, t, results in

dt k dt 1 - exp[ 8] (8b)

It ;O t " t

The instantaneous values in Equation (6) can then be replaced by using Equa-

tions (8a) and (8b) to give

d A t -d exp. t  (9)

The division of Equation (9) for a pressurized sample by the same equation

for a standard sample completes the derivation of Equation (2).

During the time preceding or following the application of pressure to

the pressurized sample, the value of the rate constants in Equation (2) will

be equal so that

dt Jdt]
Pt PO exp. X- sX (At d (10)

t 0

where At 0  and Att represent the quantities t S t ) and (t t

respectively.

Equation (10) shows that if the difference in counting-starting time,

A tt, is always kept equal to the initital starting time difference, At0 , the

measured ratio of the activity of the two samples will remain constant.

Repeated counting of the standard and then the pressurized sample in accordance

with Equation (10) permits the determination of the ratio of activity of the

samples before and after pressurization. This cyclic type of counting for

C,
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short-time intervals is one of the means of minimizing the effects of electronic

drift.

The fractional change in the decay constant can be calculated by applica-

tions of Equation (2) to the period of pressurization. For this period of

time, Equation (2) becomes

A% 1 1 rf

s S i

Equation (11) is obtained by first using ri and rf for the initial and final

ratios of sample activity in Equation (2) and then taking t and t equal
PO S0

to zero, with t and t equal to the time of pressurization, t. Next, thep s-

exponential is expanded and second order and higher terms are disregarded

because AX is small. Both sides of the expression are then divided by Xs,

and the final rearrangement made.

Isotope activities used in the above equations were determined experi-

mentally by counting the gamma rays e-mitted from an excited-energy level of
7 7the decay product. The 477 kev excited level of Li was used for Be , and

131 131the 494 key excited level oJ! Cs was used for Ba These rays were counted

with a single-channel differential-scintillation spectrometer. The instrument

used was manufactured by Baird-Atomic, Inc., of Cambridge, Massachusetts and

is commercially available as Model 516.

The maximum number of counts per unit time associated with the photo-

electric peaks of the above energy levels were determined during each run.

This was accomplished by first adjusting the amplifier so that the voltage

difference between position of minimum counting on each side of the photopeak

was equal to seven volts, the maximum separation voltage between the lower

and upper discriminator for the instrument used. Lower and upper discrimina-

tors were then made to correspond with the minimum counting values preceding

and following the photoelectric peak. In addition to obtaining the maximum

number of counts by adjusting the discriminators in the above manner, the

effects on counting accuracy caused by electronic drift in the equipment were

appreciably reduced.
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Any error in the change of the total decay constant as calculated from

Equation (11) depends on the accuracy with which r f/Ix i determined. The

two sources of error inherent in radioactive counting associated with this

ratio are statistical fluctuations and effect of background activity. These

sources of error were taken into account in the above counting technique by

the methods described in the following paragraphs.

If all units of the spectrometer are operating property so that only

random radioactive disintegration events are being recorded in the scaler,

the counting standard deviation for either a pressurized or standard sample

is

1

= A.) 2  (12)

The summation term in Equation (12) represents the addition of all counts made

on a sample during the cyclic type of counting mentioned earlier. With equal

counting times for the pressurized and standard sample before and after pres-

surization, r f/ri becomes

Pf /Sf

p./s, P./S.(13)

I I

where P and S represent the total number of counts for the pressurized and

standard samples, respectively. Each of the values in Equation (13) will be

accompanied by a statistical error of the type shown by Equation (12). With

these statistical errors included, Equation (13) becomes

(Pf tv' f) (S i t I-Si )

(Pi t-Vi) (Sf + -f (.4)

Combination of the individual standard deviations in Equation (14) results in
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Pf/Sf + I + + _I 1 (15)

P J S i V* f S i

which can be used to calculate the statistical error associated with the ratio
r f/r i *.

In actual practice, a certain amount of radiation from sources other

than the sample, e.g., cosmic radiation, is always counted, simultaneously

with the sample. The ratios used in Equation (11) must therefore be deter-

mined, by means of

(dA _ dBj

•PP=r, (16)

fdAR I dBI
dts I dt I

where the dA/dt terms represent the average sample-plus-background activity

as measured. over a. given time interval and the average background activity

over the same time interval is given by dB/dto With the counting equipment

used, the background. activity could not be determined simultaneously with

the sample-plus-background activity so the effect of background was considered

as described below.

Background activities were determined at various times throughout the

investigation. These activities were within the ranges of 100 - 200 and
7 131300 - 400 counts per minute for the Be and Ba1 , respectively. However,

variations in the background activity were observed to be negligible during

periods of time equal to one cycle in the counting of the pressurized and

standard samples. Thus, the dB/dt terms in Equation (16) could be equated,

and the equation rearranged to give

tt T

dA dB)

dA-t A
dt/ dt
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Equation (17) shows that with a value of r sufficiently close to io0000

and the sample activity much greater than background activity, the ratio r

can be approximated by

() p (o) s

-The use of this approximation for the investigation was checked by calculating

the maximum value of the error introduced by using ratios without excluding

the background activity. These calculations were made by using the maximum

background activity observed during the investigation. Results of rhese

calculations showed that for the case of Be 7 , the effect of excluding the back-

ground activity was insignificant. .hus, ratios used for calculating the

fractional change in the decay constant for this isotope were determined by

using the total counts obtained for a sample with the spectrometer. For the
131case of Ba the effect of excluding the maximum background activity was

found to be significant. Ratios for this isotope were therefore calculated

by subtracting the maximum number of background counts from the total sample

counts obtained in the spectrometer. The maximum number of background counts

were determined by using the rate 400 counts per minute, this being the

maximum value of background activity observed throughout the investigation.

SAMPLE PREPARATION

Isotopes were procured as chlorides in hydrochloric acid solution with

initial activities of 0.5 millicuries . The original solutions were first

diluted, and aliquot portions were then taken which gave a measured sample

activity of between approximately one-half and one-million counts per five

minutes. Carrier material in the form of BeCl 2 for the Be
7 and BaCl 2 for

the Ba131 was added to the solutions so that precipitation of samples could

be accomplished by methods of ordinary quantitative analysis. Beryllium and

barium samples were precipitated as the basic carbonate and sulfate, respec-

tively. Samples were filtered by use of a suction filtering apparatus

designed to give easy access to the collected disk of radioactive material.

7
Radioactive samples were prepared with Be supplied by the Nuclear Science
and Engineering Corporation of Pittsburgh, Pennsylvania, and Ba131 supplied
by the Oak Ridge, National Laboratory at Oak Ridge, Tennessee.
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These disks were then used in one of the three types of pressure cells shown

in Figure 1. In assembling the lead-modified Type II cells, the disks contain-

ing the radioactive material were utilized as they came from the suction filter.

In the case of the Type I and silver chloride-modified Type II cells, disks

from the filter were compressed before assembling in order to decrease the

initial volume.

The Type I and lead-modified Type II cells were attached to the lower

anvil by glue. These cells were subjected to full pressure for one day to

establish the initial counting geometry with respect to the lower portion of

the anvil assembly. Because of the complete containment of the radioactive

sample within the silver chloride of the silver chloride-modified Type II cell,

the inner portion of this cell was not attached permanently to a lower anvil.

This non-attachment made the inner portion of the cell independent of a

particular lower anvil and pipestone washer. The initial counting geometry

for the inner portion of this cell was fixed by holding the entire cell at

full pressure for one day.

COUNTING GEOMETRY

Since the lype I and lead-modified Type II cells were both attached

permanently to a given lower anvil, an apparatus was needed to establish the

geometry of the counting crystal with respect to the anvil. This apparatus

was designed so that the crystal could be repeatedly moved between the pres-

surized and standard samples during the cyclic-type counting described above.

In addition, the apparatus was designed to make the lower portion of the anvil

assembly containing the pressurized sample capable of being moved between

the counting position and press without disturbing the geometry.

Unlike the two other types of cells, the silver chloride-modified Type

II cell was not attached to a particular lower anvil. The inner portions

of this type of cell were therefore placed in specially designed holders [9]

to establish their counting geometry. Results obtained for a counting test

performed to check the reproducibility of the counting system are presented

in Table II.
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RESULTS

The experimental data and results of the investigation are presented in

tabular form in Tables III, IV, and V. Consecutive runs obthined with the

same pressurized sample are indicated in the 'Number of Run" column by means

of the same number followed by either the letter A or B. Dates listed in

the tables include both the time for pressurization and counting. Counts

reported under the various headings represent the sum of all counts taken

by the comparison-counting technique described above. Values appearing under

the heading entitled "Fractional Increase in the Total Decay Constant" were

calculated by using the half-life of Be7 and Ba13 1 as 53.0 days and 12.0 days,
131respectively [18] . For the case of Ba , values of final to initial-activity

ratio were corrected as discussed above for the maximum error introduced by

not excluding background activity before the calculation was made.

Results from Tables III, IV, and V are presented graphically in Figures

3 - 8. Values from the column of the corresponding table entitled either

"Standard Deviation of Final Ratio/Initial Ratio" or "Standard Deviation of

the Fractional Increase in the Total Decay Constant" are indicated in these

figures by means of the line extending the correct graphical distance above

and below each point. To the left of each point is found the number of the

run.

In figures 3, 4 and 5, the values of either the pressure of average force

per anvil area (average pressure) in units of 1000 atm are at the right of the

vertical data spread lines. The straight but non-zero slope lines on Figures

6, 7, and 8 represent a least-squares fit of the plotted points where the

intercept is zero.

DISCUSSION

At a specific pressure, Equation (11) gives a linear relationship be-

tween the quotient of the final to the initial counting ratio and time.

Results of the investigation presented in Figures 3, 4 and 5, should, there-

fore, follow this relationship. Rmns 1 through 3 of Figure 3 show the

expected decrease in rf/r i as time increases. Run 4 of this figure also

agrees with the predicted trend since AX/% s for this run would be less because

of the lower pressure. However, some of the remaining runs of Figure 3, such
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as Run 5, which should be identical with Run 3, and Runs 6, 8, 10, and 11

with values for the ratio greater than 1o0000, which are not in agreement

with theory, show individual disagreement with Equation (11). Similarly,

results in Figures 4 and 5 are in partial agreement only with Equation (11).

Because of the scattered data in these figures, two methods were used

for evaluating the results of this investigation, In the first method,

individual runs were evaluated in terms of the experimental techniques used

in the investigation. These techniques were considered. in view of experimental

difficulties which could cause the results to fall either above or below the

line of no effect. The second method of evaluation averaged the results of

all individual runs from a particular type of pressure cell. The evaluation

of the results by these two methods is described in the following paragraphs.

The experimental difficulties considered in the first method of evaluating

the results were:

1. Loss of radioactive sample from the pressurized cell;

2. Changes in the operation of the electronic counting equipment;

3. Changes in the counting geometry of the pressurized cell.

Whether the last two of these difficulties could cause errors so large that

individual runs fell above or below the line of no effect is not obvious,

but the first one would only cause an error such that runs fell below the

line of no effect.

In checking for loss of sample, each cell was observed under the micro-

scope to see if any breakage had occurred, and the upper anvil was counted

with the idea that any sample lost from the cell would adhere to the flat

surface of the anvil because of the high pressures being used.. In addition,

pressurized samples were repressurized when possible so that small losses

would be stabilized. Runs 3A and 3B of Figure 4 are examples of this re-

pressurizing method. The fact that the second of these runs, as well as the

first, is below the line of no effect would indicate that no loss of radio-

active sample occurred during the two runs.
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Counting checks of the electronic equipment were made at various times

throughout the investigation. The day-to-day results of these checks were

always reproducible within the limits of the statistical error. The results

of these checks were taken as proof that no errors were introduced by the

counting equipment.

If the first two experimental difficulties mentioned above did not occur,

then the last one -- changes in the counting geometry -must have been respon-

sible for the unexpected data in Figures 3through5-hich appear above the line

of no effect. In order to determine if a change in counting geometry because

of a slight spreading of the cell increased the counting rate, an independent

counting experiment was performed in which the counting rate was measured both

before and after the pressure cell had been pressurized. By measuring the

counting rate both preceding and following the initial pressurization of the

cell when the greatest change in cell geometry occurred, the maximum effect

of the spreading of the cell was probably observed. Results of this experi-

ment are presented in Table VI. The grand average in Table VI after pressuriza-

tion divided by the value before pressurization gives a quantity of 1.0097.

This value represents the same type of ratio plotted in Figures 3 through 5

except that the pressurized sample was under pressure for essentially zero

time and the change from 1.0000 was due to the spreading of the cell.

By examining the data for the A and B runs in Figures 3 through 5,

additional evidence is found for the thesis that spreading of the pressurized

cells resulted in an effect opposite to the one caused by pressure. Results

for the B runs were obtained, as mentioned above, by repressurization of cells

used in the corresponding A runs. Because of the additional time under

pressure, the numerical values of the B runs should have been less than those

of the corresponding A runs. As can be seen, the numerical results of the B

runs were always greater than those of the corresponding A runs, Apparently,

repressurization of the cells for the B runs caused a slight spreading of the

cells with an accompanying change in counting geometry. The increased numeri-

cal values for the B runs indicate that these changes in counting geometry

resulted in an effect opposite to the one caused by pressure. In fact for

some of the B runs, the effects resulting from pressure were completely over-

ridden by changes in counting geometry.
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The averaging technique used in the second method of evaluating the

results of this investigation was based on the fact that the value of the

fractional increase in the total decay constant, AX%/1s is some function of

pressure. This functional relationship formed the basis for Figures 6

through 8. It is probable that the actual changes in W/s with pressure

are small until pressures much higher than the ones used in this investigation

are applied. For small changes in L %/Xs, the relationship between LS%/X s and

pressure can be approximated by a linear function. With the assumption of a

linear relationship, all of the individual runs for a particular pressure cell

can be averaged by means of a least-squares fit of the data. The non-zero

slope lines shown in Figures 6 through 8 represent the results of averaging

the data with this least-squares technique. The slopes of these lines give

an indication of the fractional increase in the total decay constant per

atmosphere. Values of these slopes are 2.5 x 10 (without Run 5), 1.3 x 10

and 0.66 x 10 - 8 for Figures 6, 7, and 8, respectively. Both negative and
positive values of f / s were included in the least-squares technique so that

values of the increase in total decay constant with pressure are probably on

the conservative side,

CONCLUSIONS

The results of the investigation seem to justify the conclusion that

pressures of a sufficient magnitude were used to increase the electron density

at the nucleus so that the normal decay rates of the two isotopes used were

increased. This conclusion is based on the premise that the experimental

difficulties, described in the above section, are the only ones involved and

that these difficulties cause values to change in the direction indicated.

The conclusion that an increase in the decay rate occurred in the case 
of Be

7

seems especially justified since two different types of pressure cells gave

a relatively large number of runs all of which showed an increase. In the

case of these two different types of cells, it seems highly improbable that

a repeated loss of sample could have accounted for an increase in the decay

rate in all the samples that showed this increase. Although the basis for

the conclusion that there was an increase in the case of Ba 1 3 1 was made
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7on a much smaller number of runs than for Be , the results of the runs still

seem to indicate that an increase in rate of decay had been achieved.

In addition to the many individual runs which showed an increase in

decay rate outside the statistical counting error, the averaged linear

relationships for the two isotopes between this increase and pressure furnish

further support to this conclusion. It should also be noted in connection

with the values of fractional increase of the total decay constant, as caused

by pressure and given by these averaged-linear relationships, that these slight

increases are of the same order of magnitude as those caused by chemical

combination.
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TABLE I

CELL DIMENSIONS

Type I Pressure Cell

Outside Diameter Thickness
Part (Inches) (Inches)

A (Pipestone) 0.200 0.005
B 0.200 0.005
A (Metal) 0.200 0.001
B 0.200 0o001
C 0.150 0.004

Silver Chloride-Modified

Type I Pressure Cell

Outside Diameter Inside Diameter Thickness
Part (Inches) (Inches) (inches)
A 0.325 0.225 0o010

B 0.158 0.004

C 0.220 0.158 0.004
D 0.220 0.002

Lead -Modified

Type II Pressure Cell

Outside Diameter Inside Diameter Thickness
Part (Inches) (Inches) (Inches)

A 0.325 0.225 0.010
B 0.156 0.012

C 0.220 0.0015
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TABLE Il

SU1MARY OF DATA FROM TEST ON
OPERATION OF THE COUNTIENG EQUIPMENT

Average Ratio for Fifty Minutes Grand Average
Day Run 1 Run 2 Run 3 Run 4 Run 5 for Day

0 1.3011 1.3003 1.2988 1.2982 1.2996

2 1.2981 1.3001 1.3013 1.3025 1.2992 1.3002

4 1.2997 1.2994 1.3011 1.2994 1.2999 1.2999

6 1.2983 1.3020 1.2991 1.3021 1.2990 1.3001
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TABLE VI

EFFECT ON THE COUNTING RATIO BY SPREADING A PRESSURE CELL

Counting Ratio Counting Ratio
Before Pressurization After Pressurization

Run (50 min average ratio) (50 mn° average ratio)

1 1.1599 1.1719

2 1.1603 1.1707

3 1.1624 1.1706

4 1.1611 1.1742

5 1.1736

(Grand average) (1.1609) (1.1722)
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Angle on Cemented Tungsten
Carbide Anvil

(A)and (1)
Pipestone Disks Coated (C)Pressed Radioactive

*with Metallic Gold-Bronze Sample

TYPE I PRESSURE CELL

Angle on Cemented Tungsten
Carbide Anvil

(A)Pipestone Ring (C)Silver Chloride Ring
(B) Pressed Radioactive ~(D)Silver Chloride

Sample * Disks

__71.
SILVER CHLORIDE-MODIFIED

TYPE//I PRESSURE CELL

Angle on Cemented 'Tungsten.,
Carbide Anvil

*(A)Pipestone Ring (C) Lead Disks

/ (B)Unpressed Radioactive
Sample

LEAD -MODIFIED
TYPE It PRESSURE CELL

Fig. 1. Cross-sectional details of pressure cells before force
~2as been applied.
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Fig. 2. Schematic diagram of
the anvil assembly.
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